Introduction
Ovarian cancer is the most lethal gynecologic malignancy [1] . Despite the advent of multiple screening technologies, the majority of ovarian cancer patients still present at advanced stage, and the survival for patients with advanced stage disease is poor [2] . The recent genomic revolution has provided enormous information concerning the molecular characteristics of cancer. Identification and characterization of the genes and their protein products, which contribute to the malignant phenotype, can provide researchers with novel molecular targets which can be exploited in an attempt to improve ovarian cancer survival. In gynecologic oncology, we are now beginning to investigate these new biologic agents in the treatment of ovarian cancer [3] . There are a variety of cell surface receptors, signaling pathways, and nuclear proteins that stimulate cellular proliferation. An understanding of these biomarkers that affect growth deregulation in ovarian cancers can provide a framework for the rational application and testing of these novel therapies [4] . This review will summarize the cell cycle biomarkers that affect growth deregulation in ovarian cancer and any association with prognosis and survival these proteins have been found to hold.
Tumor suppressor genes
Tumor suppressor genes produce protein products which function normally to inhibit a variety of aspects of neoplastic transformation to include cellular proliferation. These genes are usually inactivated through mutations which cause a loss of function and consequently a lack of inhibition of the respective cellular processes [5] . A variety of tumor suppressor genes have been evaluated in ovarian cancer. A summary of the prognostic significance of some of these tumor suppressor genes in ovarian cancer follows.
p53
p53 is a tumor suppressor gene whose mutation is the most frequent genetic event described to date in ovarian cancer p53 inhibits cell cycle progression, particularly in respond to DNA damage [6, 7] . Overexpression of p53 protein approaches 45%-55% of epithelial ovarian cancers [7] [8] [9] [10] . p53 overexpression has been associated with advanced stage, higher grade, serous histology, and patient age > 61 years. p53 protein expres-sion on multivariate analysis was an independent poor prognostic predictor of survival [9] . In other studies p53 protein overexpression in the univariate analysis was a significant poor prognostic factor; however after adjustment for stage, p53 overexpression did not retain statistical significance [7] .
The Gynecologic Oncology Group sought to explain the apparent disparities in the literature regarding p53 protein overexpression and prognostic significance in epithelial ovarian cancer [11] . Overexpression (> 30%) of p53 protein occurred in 56% of tumors including 100% of patients with only missense mutation(s), 32% with truncation mutations, and 40% lacking a mutation in exons 2 to 11. Overexpression of p53 was associated with tumor grade but not with patient outcome. Median survival for low p53 protein expression was 45 months while overexpression was associated with a median survival of only 39 months (Fig. 1 ) [11] . These results intimate that it is the mutation in the p53 gene, not overexpression of p53, that is the significant molecular genetic event, and can be associated with a short-term survival benefit [11] .
BRCA1
BRCA1 is a putative tumor suppressor gene responsible for a hereditary breast ovarian cancer syndrome. While only responsible for approximately 5-10% of all new ovarian cancer cases, mutation of breast and ovarian cancer susceptibility gene, BRCA-1, has been associated with a 40-63% risk of developing ovarian cancer over a lifetime [12] . Normal ovarian surface epithelial cells express BRCA1 protein. However, decreased expression of BRCA1 was found in 16% of benign tumors, 38% of borderline tumors, and 72% of carcinomas [13] . Methylation of BRCA1 was not detected in benign or borderline tumors, but was present in 31% of carcinomas. Reduced expression of BRCA1 protein correlated with the presence of gene methylation. Unfortunately, the prognosis of ovarian carcinoma patients did not correlate with BRCA1 protein expression or genetic status [13] .
LOH at 17q21, the BRCA1 locus, is seen in 40-70% of invasive ovarian cancers [14] . Because of this, the frequency of BRCA1 promoter hypermethylation as an epigenetic means of BRCA1 inactivation has been evaluated for a large, population-based cohort of ovarian cancer patients [14] . BRCA1 hypermethylation was seen in only 15% of the sporadic cancers analyzed in this study. Interestingly, the BRCA1 methylation was only seen in ovarian cancer patients without a family history suggestive of a breast/ ovarian cancer syndrome. None of the 12 tumors with BRCA1 promoter hypermethylation demonstrated BRCA1 protein expression by immunohistochemistry. These findings suggested that reduced expression of BRCA1 protein along with genetic and epigenetic changes of the BRCA1 gene play an important role in the development of sporadic ovarian carcinomas. As a result, promoter hypermethylation may be an alternative to mutation in causing the inactivation of the BRCA1 tumor suppressor gene in sporadic ovarian cancer [14] .
Rb2/p130
Retinoblastoma, Rb, family members function as cell cycle regulators and modulate the sensitivity of cancer cells to chemotherapy [15] [16] [17] . Rb protein reactivity is found in approximately 47% of epithelial ovarian cancers [16] . Immunohistochemical analysis of 69 ovarian carcinomas for Rb protein expression revealed no association between Rb protein levels and relevant clinicopatholigic factors such as FIGO stage, grade, and histologic type [16] . pRb2/p130, however, is a member of the retinoblastoma gene family, and maps to human chromosome 16q12.2, a region in which deletions have been found in ovarian carcinoma [15] . Primary ovarian adenocarcinomas showed loss or decrease of pRb2/p130 expression in 40% of tumors analyzed. pRb2/p130 protein expression was inversely related to tumor grade with 73% of grade 1 and 2 cancers showing positive expression of pRb2/p130 protein while 61% of grade 3 tumors were negative for protein expression [15] . This suggests that pRb2/p130 may play a putative role as a tumor suppressor gene in ovarian cancer.
Nm23
Nucleoside diphosphate kinase/nm23-H1 is a candidate metastasis suppressor gene first characterized in breast cancer [18] . Nm23 protein expression was found to positively affect survival along with absence of axillary lymph node metastases and hormonal therapy in breast cancer patients. In epithelial ovarian cancers expression of Nm23 kinase is strongly upregulated, with 88% of ovarian cancers staining positively [18] . There is a trend towards decreased survival with focal staining of nm23 kinase. Although no statistical significance was found with nm23 protein expression in ovarian cancers, pattern and intensity of protein staining may identify patients at high risk for tumor progression [18] . 
Receptor tyrosine kinases
Protein kinases are enzymes that covalently attach phosphates to the side chain of serine, threonine, or tyrosine residues of specific proteins inside cells. Such phosphorylation of proteins can control their enzymatic activity, interactions with other proteins and molecules, and propensity for degradation by proteases. Perturbation of protein kinase signaling by mutations and other genetic alterations can result in deregulated kinase activity and malignant transformation.
All Receptor tyrosine kinases (RTKs) share several structural features. They are glycoproteins possessing three similar components: an extracellular ligandbinding domain, which conveys ligand specificity, a single hydrophobic transmembrane domain, which anchors the receptor to the membrane, and an intracellular tyrosine kinase domain which initiates cellular signaling [19] . The intracellular sequences typically contain regulatory regions in addition to the catalytic domain. Ligand binding induces activation of the intracellular tyrosine kinase domain leading to the initiation of signaling events specific for the receptor. The RTKs have been organized into families based on sequence homology, structural characteristics, and distinct motifs in the extracellular domain. There are currently 19 known families in vertebrates. The various subfamilies include receptors for EGF, PDGF, VEGF, fibroblast growth factor and hepatocyte growth factor.
Ligand binding to a RTK induces receptor dimerization with conformational changes that result in intermolecular phosphorylation of tyrosine residues at multiple sites. Receptor heterodimerization can also occur, as reported with transforming growth factor alpha interaction with receptor heterodimers comprising HER-2 and EGFR. In malignant tumors, a number of these receptors are overexpressed or mutated, leading to abnormal cell proliferation [20] .
The epidermal growth factor receptor family (Erb family)
One of the best characterized pathways initiating malignant change in cell is the epidermal growth factor receptor (EGFR) family of membrane proteins [21] . The EGFR family consists of four structurally similar receptor tyrosine kinase (RTK) proteins including ErbB-1 (EGFR), ErbB-2 (HER2/neu), ErbB-3, and ErbB-4 [21] . These receptors are activated by binding of ligands including EGF, transforming growth factor alpha, amphiregulin, and the neuregulins. Upon binding to one of these ligands, the receptors form homodimers or heterodimers, e.g. EGFR: HER2 or HER4: HER2, at the cell surface. These heterodimers may form even when only one member of the pair binds its ligand. This dimerization is thought to initiate the tyrosine kinase activation through autophosphorylation of serine residues and is accompanied by recruitment of downstream signal transduction molecules including src2, GRB2, and SH3 [21] . This complex then induces downstream signaling including activation of Ras, Raf, MAP kinase and ultimately gene activation [22] . The biologic effects mediated by the EGF family of receptors are quite broad, and include mediation of cell proliferation, development, differentiation, and oncogenesis [21] .
EGFR
EGFR protein expression in 96 cases of ovarian cancer was present in 39.8% of cancers analyzed [23] . The clinic significance of EGFR protein expression in the development and progression of human ovarian carcinoma was studied in 7 ovarian cystadenomas, 6 mucinous tumors of low malignant potential (LMP), and 25 invasive adenocarcinomas. EGF, and EGFR expression was found to be significantly higher in mucinous cystadenocarcinomas than in mucinous cystadenomas or mucinous tumors of LMP [24] . In a series of 226 patients with early stage epithelial ovarian carcinomas, FIGO stages IA-IIC, a number of clinicopathological factors were studied in relation to p53 and epidermal growth factor receptor (EGFR) protein expression [25] . In a Cox multivariate analysis, tumor grade, p53 status, and EGFR status were all independent and significant prognostic factors with regard to DFS [25] .
Her-2
Studies have shown that the HER-2 oncogene is overexpressed in approximately 25-30% of ovarian carcinoma (OC) cases, but, to date no consensus regarding overexpression and prognosis has been possible [26, 27] . HER-2 immunohistochemical staining of ovarian tissue is primarily a cytoplasmic stain, however, there is varying intensity of the staining, requiring interpretation [26] . A recent immunohistochemical evaluation of Her-2 protein expression performed on the first 181 patients included in the Danish MALOVA study diagnosed with epithelial OC provided contrasting results [26] . HER-2 overexpression was found in 52.5% of these cases in which 74.7% were weakly positive (1+) and 25.3% were moderately (2+) to intensely positive (3+). In this study increased HER-2 expression was found to be correlated with reduced survival [26] . Significant differences in survival between patients with positive Her-2 expression and those without HER-2 overexpression were found for the subgroups of FIGO Stage I, Stage III, and Stage IV. For stage I patients HER-2 negative five-year survival approached 100% compared to 71% for HER 2 positive patients. For FIGO stage III and IV ovarian cancer patients HER-2 negative patients five year survival was approximately 45%, while HER-2 positive patients survival was only 18% [26] . Multivariate survival analyses demonstrated that HER-2 overexpression to be a prognostic marker.
In another study which could explain the conflicting results regarding Her-2 protein expression and survival in the literature, Her-2 protein expression, as well as the frequency of Her-2 amplification were examined in a series of 103 high-grade, advanced-stage (FIGO stage III or IV) ovarian surface epithelial carcinomas [27] . Barely 5 of 102 (4.9%) tumors were positive for Her-2 protein expression by immunohistochemistry. Over a third, 33.3% tumors, however, showed Her-2 amplification. Only 25% of cancers that showed Her-2 amplification by FISH were positive for Her-2 protein overexpression by immunohistochemistry. There was no correlation between Her-2 expression and survival [27] . Thus, the strong correlation between Her-2 immunostaining and amplification characteristic of breast carcinoma might not be observed in ovarian carcinoma.
Endothelial growth factors; vascular endothelial growth factor
Angiogenesis is the formation of new blood vessels and this process is required by many biologic processes including the development of cancer [28] . New vessel formation can be stimulated by a variety of factors including vascular endothelial growth factor (VEGF) [29, 30] . The VEGF family of glycoproteins consists of six related growth factors, VEGF-A (known as VEFG) through VEGF-E, and placental growth factor (PIGF)-1 and 2 [31] . VEGF mediates angiogenic signals to the vascular endothelium through high affinity RTKs that are thought to activate the MAPK pathway. Although many stimulators and inhibitors of angiogenesis have been identified, the trigger that causes a dormant tumor to transform into a proangiogenic tumor remains elusive [32] .
Expression of vascular endothelial growth factor (VEGF) in ovarian carcinomas revealed focal or diffuse strong immunostaining in 48%-51% of carcinomas [33, 34] . In early stage ovarian cancer, increased VEGF protein expression by immunohistochemistry was associated with a decreased disease free survival 18 months versus greater than 120 months for non VEGF expressors [35] . In a multivariate analysis, only VEGF expression was associated with poorer survival in these early stage ovarian cancer patients. Significant associations between the VEGF expression and disease FI-GO stage, histologic grade, and patient outcome has been observed [34] . The survival of patients with high VEGF expression was significantly worse than that of patients with low and negative VEGF expression. Multivariate analysis revealed that disease stage and VEGF expression were significant and independent prognostic indicators of overall survival time.
Cell cycle regulators and inhibitors

Cyclins
Phosphorylation of Rb protein by serine/threonine kinases known as cyclin-dependent kinases (cdks) inactivates Rb. The cdks form complexes with proteins called cyclins. There are at least nine cdks (cdk1-cdk9) and 15 cyclins (cyclin A through cyclin T) [36] . Cdk4 and cdk6 along with their D-type cyclins are responsible for the cells progression through G1 phase. Cdk2 and cyclin E complex are responsible for the progression from G1 to S phase. Cdk2 and cyclin A are responsible for the cells progression through S phase and cdk1 and cyclin B are required for mitosis. These complexes are in turn inhibited by a combination of small proteins called cdk inhibitors (CKIs). The INK4 (inhibitor of cdk4) family consists of p16 ink4a , p15 ink4b , p18 ink4c , and p19
ink4d and specifically inhibit cyclin D associated kinases. The protein kinase inhibitor protein family of p21 waf1 , p27 kip1 , and p57 kip2 inhibit the cyclin E/cdk2 and cyclin A/cdk2 complexes. Loss of expression of CKIs confers a poor prognosis in a variety of cancers [36] .
Cyclin D
Expression of cyclin D1 was detected in 32.4% of epithelial cancers, 69.6% borderline tumors, and 72.7% of benign tumors. Cyclin D1 expression inversely correlated with tumor grade [37] . Cyclin D1 overexpression was more frequently detected in borderline and grade 1 tumors than in grade 2 and grade 3 tumors. The expression of cyclin D1 was also examined in a consecutive series of 134 serous EOC nineteen percent of EOC were found to overexpress cyclin D1 [38] . On multivariate analysis, overexpression of cyclin D1 combined with other molecular markers to include combined loss of p21(Waf1/Cip1) in the presence of p53 overexpression were independent predictors of reduced overall survival [38] . In another study of 70 patients followed for 8 years with EOC, the cyclin D1 protein content was analyzed by Western blotting [39] . Patients with highly positive cyclin D1 tumors had shorter overall survival than patients with positive cyclin D1 (median survival 31 vs. 49 month). For patients with high cyclin D1 expression and residual disease greater than 2 cm, the relative risks of death were to 2.48 and 3.7, respectively [39] .
Cyclin E
Immunohistochemical expression of cyclin E was evaluated in 139 advanced, suboptimally debulked epithelial ovarian cancer specimens from patients treated on Gynecologic Oncology Group protocol 111 [40] . High cyclin E protein expression (> or = 40% cyclin E positive tumor cells) was seen in 62 (45%) of the advanced, suboptimally debulked ovarian cancer patients. Expression of cyclin E was not associated with age, race, stage, grade, cell type, or amount of residual disease. High verses low cyclin E expression was associated with a shorter median survival (29 versus 35 months) and worse overall survival (P < 0.05) (Fig. 2) [40] . High cyclin E protein expression was also associated with a decreased survival when patients stratified by FIGO stage III, Serous histology, and platinum based chemotherapy. High cyclin E expression was an in-A B Fig. 3 . FISH analysis. Representative FISH analysis of low cyclin E protein expressor by IHC, and high cyclin E protein expressors by IHC and corresponding amplification of 19q. dependent poor prognostic factor for patients with advanced ovarian cancer, and it was associated with amplification of the cyclin E gene (Fig. 3) [40] . Clear cell carcinoma also exhibits significantly increased expression of cyclin E [41] . The incidence of cyclin E staining was significantly higher in clear cell carcinoma (100%) than in either endometrioid 50%, or poorly differentiated carcinoma 20%.
CKIs
P16
Approximately 40%-43% of epithelial ovarian cancers will overexpress p16 protein, while most benign tumors will show no p16 expression in the tumor cells [42] [43] [44] . The prognostic significance of the G1 pathway was evaluated in 59 epithelial ovarian cancer patients undergoing surgery and platinum-based chemotherapy [43] . Abnormal expression of p16 was observed in 33.9% of studied cases. Abnormal G1 pathway, alteration in p16, Rb, or cyclinD1/cdk4 protein, was detected in 49.2% of cases. Although individually p16 protein overexpression was not of prognostic significance, univariate analyses identified abnormal G1 pathway (HR, 2.935; P = 0.03) as prognostic factors for overall survival [43] .
P21, P27
The CKI family of protein inhibitors p21, p27, and p57 inhibit the cdk2 cyclin complexes. The frequency of expression and the possible prognostic significance of p21, and p27 proteins were examined in a series of 185 uniformly treated patients with stage III ovarian cancer [45] . p21 has been found to be overexpressed in 48% of cases [45, 46] . Neither p21 nor p27 protein expression was of prognostic significance for the whole group of patients. Western blot analysis, however, of p21 protein appeared to confirm the significance of this CKI in ovarian cancer prognosis. In a series of 102 ovarian tissue samples including normal ovary, primary ovarian tumors, omental metastasis, recurrent disease and residual tumor after chemotherapy exposure p21 protein was detectable in 74% ovarian tissue samples. In the sub group of stage III-IV ovarian cancer patients, p21-positive cases showed a more favorable prognosis with the 3-year time to progression (TTP) rate was 58% for p21-positive compared with 33% of p21-negative [47] .
p27Kip1 is a member of the Cip1/Kip1 family of cyclin-dependent kinase inhibitors and is a potential tumor suppressor gene. p27 protein expression has been evaluated by immunohistochemistry and Western blot analysis in a series of 82 epithelial ovarian tumors, 16 classified as low malignant potential (LMP) and 66 classified as primary ovarian adenocarcinomas [48] . Analysis revealed frequent loss of p27 expression in 33% of primary ovarian adenocarcinomas compared to only 6% of LMP tumors. In addition to nuclear staining, cytoplasmic localization of p27 was noted in 55%. There was a significant correlation between presence of p27 staining and a longer time to progression [48] . p27Kip1 expression was detected in 47% patients with stages III-IV ovarian carcinoma [49] . Although, p27 expression did not correlate with any of the classical clinicopathological parameters, the 5-year TTP rate in p27-positive patients was 50% versus 11% in p27-negative patients. p27-positive also cases showed a 5-year OS rate of 53% compared with 43% of p27-negative cases. In multivariate analysis, p27 expression was an independent predictor of progression of disease and survival [49] .
The location of p27 protein staining in the cell appears to be of clinical importance when interpreting p27 immunohistochemical staining (Fig. 4) [50, 51] . Decreased nuclear staining has been associated with shorter survivals, as has cytoplasmic localization of p27 protein [50, 51] . Subcellular localization of the p27 protein was evaluated by using tissue microarrays containing 421 cases of ovarian carcinoma [51] . Nuclear only staining was associated with a 58% five year survival, while negative (< 5% staining) and cytoplasmic staining was associated with only a 30-32% five year survival, (Fig. 5) . The presence of p27 in the cytoplasm regardless of the nuclear stain correlated strongly with late-stage disease, extent of cytoreduction, and shorter disease-specific survival.
Mitogen-Activated Protein Kinase (MAPK)
Pathway, RAS Proteins
The ras superfamily of genes encodes small GTP binding proteins that are responsible for regulation of many cellular processes, including differentiation, cytoskeletal organization, and protein trafficking. Each ras protein consists of approximately 190 amino acid residues [52] . Activated ras activates RAF, which is a serine/threonine kinase. RAF activates mitogenactivated protein kinase kinase (MAPKK), also called MEK, which in turn activates mitogen activated protein (MAP) kinase or extracellular regulated kinase (ERK). The MAPK kinase (MEK), a central kinase in this pathway, is a critical signaling protein for multiple oncogenic pathways including the EGFR family, VEGF, PDGF, and activated Ras. MAP kinase activation also results in phosphorylation and activation of ribosomal S6 kinase and transcription factors such as c-JUN, c-MYC and c-FOS, resulting in the switching on of a number of genes associated with proliferation. Mutant oncogenic forms of Ras (H-ras, N-ras, K A -ras, K B -ras) have been found in up to 30% of all human cancers and 4% of epithelial ovarian cancers. The presence of Ras mutations in gynecologic malignancies appears to be a rare event. In one extensive study, only 1 cystadenoma (5%), 6 LMP tumors (30%), and 1 ovarian carcinoma (4%) demonstrated an activated Ki-ras gene [53] .
ARHI
No more than 20% of invasive cancers exhibit Ras mutations. Functional activation of the RAS pathway in the absence of genetic mutations has, however, been reported in a majority of ovarian cancer cell lines [54, 55] . As a result, certain members of the RAS-superfamily may act as tumor suppressor genes rather than as protooncogenes. RAS homolog gene family, member I ARHI is a maternally imprinted putative human tumor suppressor gene that maps to chromosome 1p31 and that encodes a 26-kDa small G protein with 60% homology to rap and ras [55] . ARHI is expressed in normal ovarian epithelial cells but down regulated in most ovarian cancer cell lines [55] . ARHI protein expression is reduced in LMP tumors of the ovary, and in frankly malignant invasive ovarian cancers, ARHI protein was down-regulated in 63%, and expression of the gene was lost altogether in 47% [55] . Five-year survival of 39% was observed in patients whose tumors had strong expression of ARHI, 43% in those with weak expression, compared with 33% in those with negative expression. ARHI expression correlated with p21 protein expression and was associated with a prolonged disease free survival but not overall survival.
MAPK
Mitogen-activated protein kinase (MAPK) plays a pivotal role in signal transduction. Forty five percent of ovarian serous carcinomas were positive for MAPK protein expression [56] . There was a lower frequency of expression of active MAPK in high-grade ovarian serous carcinomas, 41%, as compared with low-grade serous tumors, 81% active MAPK expression. Active MAPK was present in all of the 19% low-grade tumors with either KRAS or BRAF mutations as well as in 41% of tumors with wild-type KRAS and BRAF [56] . In advanced FIGO stage serous ovarian carcinomas, expression of active MAPK alone served as a good survival indicator in the 2-year follow-up but not in the 5-year follow-up. Active MAPK appears to be more frequently expressed in low-grade than in high-grade ovarian serous carcinoma, and as a result may provide a therapeutic target in these tumors. Active MAPK could also serve as a good prognostic marker in patients with high-grade serous carcinomas.
Conclusion
With the discovery success of Herceptin in the treatment of breast cancer and Gleevec in the treatment of GIST tumors, molecular approaches to the treatment of cancer are becoming even more pervasive. Logical targeted approaches to the treatment of gynecologic malignancies are becoming the standard of care. The shotgun approach of isolated chemotherapy or radiation therapy is rapidly becoming a modality of the past. Recently, Bevacizumab, a recombinant humanized version of a murine anti-human VEGF monoclonal antibody, named rhuMAb VEGF, has displayed activity in refractory ovarian cancer [57] . This molecular agent is quickly being introduced into phase III cooperative group trials to confirm its efficacy. A minimal understanding of the basic concepts of life and death in the cell is essential for the gynecologic oncologist as we approach this new molecular era. Hopefully this review will provide some of these building blocks.
